For planetary applications, the space suit insulation has unique requirements because it must perform in a dynamic mode to protect humans in the harsh dust, pressure and temperature environments. Since the presence of a gaseous planetary atmosphere adds significant thermal conductance to the suit insulation, the current mu lti-layer flexible insulation designed for vacuum applications is not suitable in reduced pressure planetary environments such as that of Mars. Therefore a feasibility study has been conducted at NASA to identify the most promising insulation concepts that can be developed to provide an acceptable suit insulation. Insulation concepts surveyed include foams , microspheres , microfibers, and vacuum jackets. The feasibility study includes a literature survey of potential concepts, an evaluation of test results for initial insulation concepts , and a development philosophy to be pursued as a res ult of the initial testing and conceptual surveys . The recommended focus is on rnicrofibers due to the versatility of fiber structure configurations , the wide ch oice of fiber materials avail able , the maturity of the fiber processing ind ustry , and past experience wi h fibers in insu lation applications.
INTRODUCTION
HEAT BALANCE FOR SUITED CREWMEMBERTo better understand the effect of insulation on the su ited crewmember, an overall heat balance must first be presented , along with a breakdown of the individual heat contributions. Figure 1 shows the overall heat balance terms. The heat input term is the heat generated within the crewmember enclosure, or Qgen , consisting of metabolic heat and equipment loads. Heat output terms are the heat removed by the thermal control system, or Qtes , an(:l the heat lost to the environment through the insulation and suit enclosure, or Qsuit-leak.
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The heat loads can further be sub-divided into individual thermal environment contributions, as shown in Figure 2 . Here the Qsuit-Ieak term has been replaced by three terms. The absorbed thermal radiation , or Qabs, is that due to the net solar and infrared radiation absorbed by the outer surfaces of the EMU. Of importance in this term are the solar absorption property , Ct, and the infrared absorption property , E, of the outer suit materials. A second term is the emitted radiation from the suit surface, or Qemitted, which also involves the infrared absorption property E. Finally , in a gaseous environment such as on Mars, a third term is the heat lost to the gas, or Qlost-to-gas . The gas term in tum includes the heat lost through free convection in a gravity environment, and that lost by forced convection from wind currents.
From the simplifying relations in figures 1 and 2, it is possible to calculate the heat lost through the suit insulation. However, because the thermal radiation terms involve temperature raised to the fourth power, solution of the heat leak usually requires an iterative solution using computer thermal analyzers. The absorbed heat and the emitted heat terms are solved by an environment thermal analyzer program that includes multiple suit and environment surfaces. For initial thermal studies, approximate methods based on results previously obtained from thermal analyzer outputs were used to determine heat leak requirements and insulation performance requirements.
INSULATION REQUIREMENTS IN REDUCED PRESSURE -Since the present study is for space suit application in reduced pressure environments, the environment of Mars is the primary concern. Compared to the requirements in a hard vacuum environment such as low earth orbit and the moon, the insulation requirements are more severe for Mars application because of the presence of an atmosphere. Due to the presence of gas convection and conduction cooling , conventional multi-layer insulation (MLI) is almost useless in the cold environments of Mars. The current multi-layer insulation was designed to be used in vacuum only , where only conduction and radiation heat transfer are significant.
For Mars, four possible EVA thermal environments were rev iewed from sites on Mars (see Figure 3 ). Of these, the two nominal thermal EVA sites From analysis of a simpl ified suit the~mal model and from the requirements in Table 1 , a maxi mum conductance of 0.62 W/m2-K through the suit insulation was selected for testing and further ana lyses in co ld environmen ts. Using a goal of 12.7 mm (0.5 inch) insu lation thickness , this results in a maximum thermal conductivity of 7.9 mW/m-K, with 5 mW/m-K being a reasonable goal to compensate for thermal shorts from stitched sea ms and compressed insulation layers.
SURVEY OF CANDIDATE INSULATION CONCEPTS
Numerous insulation concepts were reviewed for possible space su it application . These include porous materials (foams , microspheres, microfibers), phase change materials, hollow spheres, solvent-gas elements , and vacuum enclosures. MLI with reflective surfaces was not rev iewed as a primary insulation structure, but it may still be used to enhance thermal properties of any of the candidates reviewed .
POROUS STRUCTURES FOR MARS LANDERS -
Porous insulation structures for Mars landers were reviewed in an ICES paper presented in 1993 [2] . The purpose was to obtain data and analytical models for Mars surface station thermal insulators. Analytical and experimental data was obtained for silica hollow spheres, «40 ~m diameter) and microfibers (2 ~m diameter). Results on thermal conductivity were 10 to 15 mW/m-K for fibers at Mars pressure, with higher values for spheres due to land ing impact requirements. The structure selected for the surface station consists of a silica fiber felt enclosed between two layers of coated woven glass fabric which contain and seal the fibers . from external contamination . These structures cannot be easily integrated in a space suit due to thermal performance risks and safety risks . Thermal protection degradation will resu lt when glass fibers are broken from repeated cycl ing as is required in a space su it. Medical hazards can result from loose fibers that may penetrate through suit fabrics .
PHASE CHANGE MATERIALS -Phase change materials (PCM) can have an insulating effect for a limited amount of time. For suit application , two types of phase change materials were evaluated . The first was an active phase change material (PCM) called K-Max, from Rasor Associates , Inc., Sunnyvale, Ca. This structure conducts heat by evaporation and condensation of a working fluid , similar to a heat pipe. Interconnecting pores are filled with a liquid , such as butane in one design , and the conductivity can be changed by pressure variation with in the pores. Although plastic and ceramic materials are acceptable for an active PCM design , current designs are not flexible enough for su it application . In addition , the presence of a toxic working flu id and the need for pressure control create safety and maintainability issues .
A second type of PCM evaluated was passive. Many materials have been reviewed in the past for su it application , as seen in Table ( 2). However, there is narrow range of passive materials that exh ibit high latent heat of fus ion at or near suit temperatures. Other disadvantages of passive PCM 's are high we ight and volu me, regene ration requirements , flammab ility, and toxic issues .
HOLLOW SPHE RES -Various hollow ceramic spheres were surveyed from industry applications. An example is 3M Scotch lite glass sph eres with a high stren gth to we ight ra tio , a diameter of less th an 1 77~, and thermal condu ctiv ity betwee n 60 to 200 mW /m-K (0.4 to 1.4 Btu/-in/h r-ft2 -F) at 0 C (32 F). Adva tages of spheres are that they ca n be fill ed with a low pressure gas to reduce heat transfer, they roll over each other easily to allow fo r flexi ble insulation, and they pack tightly together to increase effective insu lation volume. Disadvantages include possible breakage , lack of cohesiveness , and uneven distribution of spheres (cl umping ). Because of th e high development requ ired in a su it application , spheres were not ranked high .
SOLUBLE GAS ELEMENTS -A novel idea proposed by [3 ] allows va riation of thermal insu lation properties through the use of a solvent-gas system. In one concept, a fabric made of hollow filaments can be woven . The hollow fi laments contain a gas and solvent material. At higher temperatures , the gas solubility of the solution increases, followed by dissolving of 3 additional g-as which in turn deflates the hollow elements. The deflation results in higher thermal conductivity due to shorter thermal paths. 
At co lder temperatures, gas re lease from solution is followed by solidification of the solvent , wh ich cause the elements to expand and the therma l conductivity to decrease due to larger thermal paths. A second concept uses a composite structure made of woven outer layers and nonwoven inner layer conta ining capsules filled with the gas/solvent mixture (figure 4). Advantages of i , I solubl e-gas elements are the ability to passively control thermal conductivity , and the ability to inco rporate them into fabrics . Disadvantages are the safety issues with chemicals used for the solvents (see table 3), and the re latively high level of th ermal conductivity expected as com pared to su it req uirements. VACUUM PANELS AND ENCLOSURESVacuum panels conta in partially evacuated compartments that, together with other insulating elements, provide high insulation performance. One such concept is a super insulator developed by the U.S. Dept of Commerce [4] usin g a Dow Corning polystyrene foam evacuated and enclosed with metal foil. An R value six times that of glass-fiber insulation is claimed. This structure is too stiff for direct use in a space suit. Anoth er version , Vacupanel ®, from Vacupanel, Inc. of Xen ia, Ohio, has been designed for the refrigerator/freezer in the space station Columbus/ISS module [5] . The panels contain a Dow core and it is cla imed that a thermal conductivity of 4 mW/m-K can be achieved at approximately 0.1 torr. The conductivity of thi s panel is in the order of what's needed for a space suit, but the structure is also stiff and needs
further evaluation. Another device that uses a vacuum enclosure to lower th ermal conductivity is the reversi ble vacuum thermal switch from NASA-JPL [6, 7] . The switch is a gas gap thermal switch wh ich uses an oxygen or hydrogen getter to vary the conductance. The switch is used in a sorption refrigeration system and can achieve switching ratios of 700 or greater. Additional evaluati on of this concept is required , but the complexity of the getter system presents similar complexities as the active PCM.
A final concept that has been successful in rigid enclosures is the use of aerogels. Originally developed for uses other than thermal insulation , they can exhibit excellent insulation properties in specific applications. An aerogel is a microfine three-dimensional structure of polymerized or aggregated oxide molecules that is the backbone of a gel [8] . The oxides can be from alkalis, early transition metals, rare earths and silicia and alumina .. At ambient conditions , an aerogel can have a thermal conductivity of approximately 17 mW/m-K. Much of the conductivity is due to gaseous heat transfer, since the aerogel has limited so lids and points of contact. In a vacuum (-50 torr) , the thermal conductivity can be decreased to approximately 8 mW/m-K. For a suit application , an aerogel would have to be contained in a rigid enclosure, whether evacuated or not, to prevent structural breakdown of the aerogel during movement of the suit.
In general , vacuum enclosures have good potential for lowering the thermal conductivity at reduced pressure. Their drawbacks include weight, volume, and complexity.
FIBROUS MATERIALS -Fibers are widely used for winter cloth ing since the insu lating performance of fibers is the highest for garment applications. Their superior performance is wide ly thought to be due to their high loft characteristics (high vo id fractions) , but is actu ally a comb ination of parameters which includes fiber diameter. Fibrous materials rev iewed include a synthetic down developed by Albany , Inti [9] . It uses 80 to 90% polyester microfibers with a diameter between 3 and 12 microns , and 5 to 20% thermoplastic macrofibers with a diameter between 12 and 50 microns. From testing and analysis, it was found that the higher density fabrics (lower void fractions) with in a certain density range actually provided the best inSU lation performance . An example of this was shown in testing at JSC (see figure 5 ). The high performance at higher fabric densities can be attributed to the sma ll fiber diameter as is discussed in a subsequent paragraph . Other insulating fibers that perform simi lar to the Albany fiber (Primaloft®) include LiteloftTM , Microloft® , Comforel®, Polarguard®, Qua llofil®, and Thinsulate™. The Albany fiber has the highest R value and lowest compression set for the same fabric density , or den ier.
To understand the fundamental mechanisms of heat transfer through fibers , numerous sources from the literature were surveyed . An important distinction of textile structures is that they are not homogenous solids, so their measured thermal conductivity is an apparent property affected by three modes of heat transfer. Conduction occurs in both the fiber material and the gas trapped between the fibers . Free convection due to the ... (1) ..c presence of gravity can occur between gas in contact with a solid surface if the Raleigh Number, a function of continuous gas space , is large enough . The third mode of heat transfer, rad iation, occurs through the openings in the fabric . Overall , radiation is influenced by the mean number of absorptions and re-emissions of the heat rays passing through the textile layer. A compromise is needed between minimum fiber content for minimum conduction and the amount of fiber necessary to prevent convection and reduce radiation .
It then follows that the design of thermally in sulating fibrous structures is driven by parameters such as fiber size and fabric density as a function of fiber/void fraction . In general, the observations made from the stud ies are that as fabric density increases , thermal conductivity decreases [10 ,11 ,12,13] . Also in the case of low-density materials , radiation is of greater importance and lower density materials lead to higher values of effective the rm al conductivity [10 ,14] . At low pressures, in particular, conduction through residual gases decreases and radi ation heat transfer increases and becomes predomi nant [14] .
Fiber diameter affects rad iant heat transfer since for a given packing frac tion , the finer the fiber, the lower the heat transfer by rad iation [15, 16] . Fine fibers cover better than coarse fibers with a higher surface area-tovolume ratio and greate r amount of reflection [17] . In addition , Mathes et al. demonstrated that the radiation extinction coefficients for irradiance perpendicular and oblique to the fibers , va ri es with temperature and fiber diameter [14] .
Finally , it is also important to note that no single model applies to all fabric densities. For evacuated optically thin insulation such as that in low-density fiber mats, the calculation of apparent thermal conductivity is 5 more complex. The complex coupling of these terms is shown by Fricke and Caps, who developed a thermal conductivity model as a function of temperatures, fiber densities, boundary emissivities, and optical thickness [18] .
SUMMARY OF SUIT INSULATION TEST PROGRAMS AND RESULTS
Various stud ies have been conducted by NASA to evaluate candidate Mars insulations from 1993 to 1999, and are continuing . The test objectives are presented in Table 4 . The test apparatus has been a guarded hotplate instrument in a vacuum chamber. Test gases were air, C02, argon , and nitrogen, and test pressures were approximately 10-6 torr to atmospheric. Argon was used in place of C02 for co ld Mars environment simUlations to prevent C02 fro. st in cold regions of the test apparatus. For all trend data as a function of pressure, the conductivity of the samples tested followed the traditional "S" curve variation with pressure as observed in cryogen ic insulations, as extrapolated from [19] (see figure 6 ). 
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..c Ea rly studies with Nomex®, an aramid non-woven fabric, were conducted to evaluate the thermal conductivity performance of a particular fibrous structure's dependence on fill-gas pressure. Thermal conductivity was relatively low (-15 mW/m-K) , but the Nomex® was not integrated with a suit TMG nor tested in a loaded condition at TMG temperatures.
Integrated su it layerlTMG tests were conducted at NASA [20] between 1994 and March 1998 to evaluate various cand idate su it insulation structures, which included portions of the Space Shuttle suit insulation multi-layer lay-up, also known as the TMG for thermal micrometeroid garment. Initial candidate insulations, which included fibrous samples and spacers from Velcro® products, were tested at Mars pressure and higher pressures to determine trends of thermal conductivity versus pressure . All samples were compression loaded to 6.9 x 10 3 N/m2 (1 psi) to simulate the maximum insulation loading due to suit pressure and motion. Of these, a Primaloft® product had the best performance at Mars pressure. Finally , a test program was in itiated starting in summer of 1999 to test the various parameters of fiber materials as related to insulation performance. Fiber materials were selected for th is program because the lofty nature of non-woven fabrics makes them the leading insulator for clothi ng and flexible structures. These fiber structures were tested wihout the other TMG layers of the suit to obtain comparative data between fiber structures. Even so, the resulting thermal conductivity can be expected to be the predominant one in a TMG layup.The first material selected was a synethic down fabric ca ll ed Primaloft® Sport, from Albany International. Primaloft® Sport, a non-woven polyester fabric, was selected because it has the highest R value of lofty insulations and the highest recovery from compression . It uses a bonding agent to hold the fibers 6 together. Definite trends were observed due to pressure, with minimum conductivity occuring at high vacuum (see figure 7) . The highest performance was obtained at the highest density for this material , but the conductivity at Mars conditions was still much higher than MLI at vacuum. The second fiber selected and tested during the w inter of 1999 was a non-woven structure, Hollofil® from Dupont. It was held together by needling the fibers at two levels of needling intensity: 120 NPI (needles per inch) and 240 NPI. Similar trends of therma l conductivity versus pressure and density were seen as with Primaloft® Sport, but the thermal conductivity at Mars conditions was somewhat higher for the samples tested (see figure 8) . 
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From the test data of all samples tested , it is concluded that none give adequate thermal performance at Mars conditions with in current suit bulk req uirements. The high loft fibers were the better performers, w ith a low conductivity of 18 mW/m-K at Mars pressure. Th is is in contrast to approximately 1.6 mW/m-K from Shuttle EMU Mll at vacuum shown in figure 6 , which in turn provides the required conductance of 0.62 W/m2-K in vacuum conditions. Assuming the same conductance for a Mars fiber insulation as that of the Shuttle EMU , the required thickness of the best fiber insulation results in afactor of at least 12 times the thickness of the Shuttle insulation _ This in turn corresponds to a bulk TMG of about 2.90 cm (1 .14 inches) . The current goal requirement for bulk is 1.27 cm maximum (0.5 inches). _ SUIT INSULATION DEVELOPMENT PHILOSOPHY EVA PRODUCTIVITY VS . BULK -To the casual observer, it would seem that an advanced suit for Mars should be a streamlined , lightweight version of previous suits , owing to the experience gained since Apollo. But many practical limitations arise in Mars that don't exist in a vacuum or on earth . One earth-based analogy to a Mars insulation in cold environments is the use of protective parkas in Antarctica . These parkas are about one inch thick with additional layering underneath. As with any cold weather clothing , there is some loss of productivity of the user due to bulk, even without the presence of a pressurized suit.
In a planetary EVA application, mobility is a major factor in a crewmember's productivity , with mobility during walking being one more requirement as compared to low-earth-orbit EVA's. But decreased mobility is primarily due to the pressurized suit which causes resistance to movement. This is also true for the Shuttle EMU suit which presents mobility restrictions even with a flat TMG surface of approximately 0.127 mm (0.1 inch) , and with its high mobility waist and arm bearing joints that weren 't there for the Apollo suits . Adding bulk to the outside of the suit (over one inchcurrent projections) can only decrease the effectiveness of work for the EVA crewmember because he/she must not only account for the resistance and bulk inherent in a pressurized suit, but for extra bulk needed for thermal insulation .
Other bulk impacts result from the need to build only one EVA suit for Mars. There are cost and stowage advantages for the planetary suit to be the same su it used for EVA from the interplanetary spacecraft. The bulky planetary suit, bulkier than needed for vacuum EVA, would require more stowage space in the spacecraft as well as more cabin space for movement in and around the cabin . Therefore added bulk on the suit is contrary to cost and launch weight restrictions. To reduce these impacts and other productivity im pacts , the current maximum thickness goal for TMG bu lk is 1.27 mm (0.5 inches) BULK COMPARISONS -From the initial tests and surveys of cand idate inSUlation concepts , an effort was made to provide adequate thermal insulation in a low pressure gaseous environment while keeping the suit insulation within thickness used for earth-based garments. Table 5 was produced to compare thickness equivalent to a particular conductance or heat leak through the suit. For some concepts, no th ickness is shown due to lack of design data. In one concept, the Mars panels, the thickness assumes linearity with the conductance for a large spacecraft composite insulation 7 which may not be scalable down to suit thickness. For the Vacupanel® design , this structure uses rigid materials and, although it has the lowest conductivity of the configurations surveyed , it cannot be directly used for the soft areas of a suit. Fiber materials and phase change materials show the lowest achievable insulation thickness of approximately one inch. This value will undoubtably grow to compensate for thermal shorts in joints and compressed areas of the suit. In add ition to thermal performance, an evaluation of the pros and cons of all insu lation cand idates is presented in the next section .
INSULATION RANKINGS -To aid with the insulation philosophy , a ranking was developed using the concept selection matrix method from Stuart Pugh . Nine insulation concepts were categorized from possible concepts for su it application. Passive phase materials were grouped in one category, with active phase change materials grouped separately in a category with heat pipes , since both have similar control features. Active heaters were grouped in one category as a replacement for at least a portion of su it insulation , although heaters are technically not insulators. The raw scores are shown as O's, +1 's, and -1 'so All categories were ranked relative to MLI performance at Mars pressure. Categories ranked better than MLI received a +1 , and those ranked worse than MLI received a -1 . The final ran kings after a we igh ing factor was applied to each category are shown in the overall ranking row, with the highest having a score of 1.
Fiber structures were ranked the highest, with active phase change materials and heat pipes ranked the lowest. Foams were second , and MLI , surprisingly was ranked as third . One possible reason for most concepts ranking below MLI is that confidence has not been demonstrated in a suit application for the remaining concepts , such as low weight and flexible attributes needed in a suit insulation. In other words, their technology readiness levels for suit 9Pplication are low. Evaluations will be continued to determine if any of the low ranked concepts should be pursued further. For example, vacuum jackets, with a ranking of 6, could at least be used on hard parts of the suit without much weight or volume penalties, assuming the final suit is a hybrid with hard parts (torso and brief areas) . Passive phase change materials, ranked 5, are also possible if they can be used safely and do not impose large weight, volume, and regeneration penalties. RANKI NG EVACUATED FIBER ELEMENTS -Since it has been demonstrated that the highest insu lation values occur at vacuum conditions for multi-layer and other layered structures, including fibers, it follows that some effort should be devoted to bring up the technology readiness of concepts that take advantage of the vacuum. One candidate being pursued is hollow fibers which can be evacuated and then sealed. They have been selected as a starting point because fibers already possess many advantages. They can be woven into a structure or easily contained within layers of other structures. In principle , this appears feasible , but there are practical barriers. Manufacturing of such structures is one. A second challenge is containing the vacuum , that is, preventing inward leaks through the fiber walls, so that the insulation performance is not degraded over time .
If hollow fibers are not practical, then other evacuated elements containing fibers should be 8 pursued . Solid fibers will still provide excellent insulation properties when surrounded by vacuum , as demonstrated with Primaloft® and Hollofil® fibers . Secondary structures should be explored that contain both the vacuum and the fibers , and have flexible features needed for soft suit elements.
CONCLUSIONS
This feasibil ity study was conducted to establish an advanced space suit insulation development philosophy . Key areas required for this study are an understanding of the insulation requirements for a suited crewmember in a Mars environment, a survey of candidate insulation concepts for suit application , a review of test data from insulation tests at Mars cond itions, and a ranking exercise of all cand idate insulation con. cepts. From evaluations in these key areas, fiber structures were selected as the favored insulation. However, available test data and mission/EVA operational constraints indicate the need to reduce the expected bulk of an inch or more in Mars cold environments. Therefore, it is recommended that evacuated fiber elements be pursued to reduce the bulk to 0.5 inches or less by taking advantage of high insulation properties at vacuum conditions.
